the discovery of the DUF/RST→ANTS→MBC→Rac signot shown). The phenotype resulting from the loner mutation is therefore highly specific to the somatic muscunaling pathway within founder cells, the complexity of the fusion process predicts additional molecules that lature. function together with these components to accomplish the events of fusion.
loner Is Specifically Required for Myoblast Fusion Here, we describe the discovery and mechanisms of In order to determine if the loner phenotype was due to action of Loner, a GEF of the Sec7 family that acts a specific defect in myoblast fusion or secondary dedownstream of myoblast fusion receptors. Loner, which fects in myoblast fate determination or other developis localized to subcellular sites of fusion, controls myomental processes, we examined several developmental blast fusion by recruiting the small GTPase ARF6 and processes that might indirectly affect muscle differentiapromoting its guanine nucleotide exchange. The Loner/ tion, including the specification of muscle founder cells ARF6 module acts in parallel to, and converges with, the and myoblasts, the pattern of innervation by motor neuANTS→MBC→Rac pathway. This fusigenic mechanism, rons, and differentiation of the epidermis. Muscle which is activated by specific fusion receptors in muscle founder cell specification was assessed by expression cells, has the potential to control fusion of other cell of Krü ppel (Kr), which is initially expressed in a subset types by coupling to different upstream effectors.
of founder cell nuclei in wild-type embryos (Ruiz-Gomez et al., 1997). Later, as neighboring myoblasts fuse with KR-expressing founder cells, their nuclei also express Results KR, resulting in clusters of KR-positive cells in the embryo ( Figure 1D ). As shown in Figure 1E , KR was exIdentification of loner We performed a genetic screen in Drosophila using an pressed in its characteristic positions in loner mutant embryos, suggesting that founder cell fate was properly MHC-tauGFP line to identify new genes involved in skeletal muscle development (E.H.C. and E.N.O., unpubspecified. However, only one nucleus was present in each "cluster" of KR-expressing cells, suggesting that lished data). One complementation group on the third chromosome containing two EMS mutant alleles, T1032
founder cells failed to fuse with surrounding fusion-competent myoblasts. We also examined Dmef2, which is and T1057, showed a striking mutant phenotype in which the developing somatic muscle cells failed to fuse. revealed apparently normal differentiation of epidermis predicted genes. We sequenced the coding regions of several predicted genes in this chromosomal interval in loner mutant embryos (data not shown). Thus, the unfused myoblast phenotype in loner mutant embryos for potential molecular lesions in the loner mutant and detected point mutations in a predicted gene, CG32434. is likely due to a specific defect in myoblast fusion.
Since myoblast fusion is a multi-step process requir-5Ј RACE experiments led to the identification of three alternatively spliced forms of CG32434, represented by ing cell-cell recognition, adhesion, alignment, and coalescence of membranes, we sought to determine which three EST clones: RE02556, LP01489, and GH10594, respectively. We refer to these forms of loner, which of these steps was blocked in loner mutant embryos. Previous studies showed that in duf rst double-mutant vary only in their first exons, as isoforms 1, 2, and 3 ( Figure 2A ). Both loner alleles harbored nonsense mutaembryos, fusion-competent myoblasts extend filopodia at random orientations and are not attracted by founder tions in the third exon, a region common to all three isoforms. loner T1032 contained a C to T mutation that cells ( to a stop codon (Figures 2A and 2B ). To confirm that CG32434 corresponded to the loner This is consistent with ANTS functioning downstream of DUF/RST in a fusion signaling pathway. Detailed analgene, we generated transgenic flies in which each of the isoforms were expressed under the control of the ysis of loner mutant embryos revealed that fusion-competent myoblasts extended filopodia toward their fusion UAS promoter. Expression of any of the three isoforms in the presence of the mesodermal specific twi-GAL4 targets, as in the ants mutant (Figures 1C), suggesting that loner also functions after the initial recognition and driver completely rescued the fusion defects in loner mutant embryos ( Figures 3B, b-d) . For embryos harboradhesion step required for fusion. Occasionally, we observed miniature fibers that contained two nuclei, suging the iso3 transgene, no mononucleated myoblasts were observed, although there were some fiber-patgesting that limited fusion can occur in the absence of loner.
terning defects ( Figure 3B, d) . A transgene encoding ISO2 under control of the ubiquitous tubulin promoter not only rescued the fusion phenotype of the somatic Molecular Cloning of loner muscles, but also rescued loner mutants to adulthood loner was mapped to a small chromosomal region of (data not shown). These results provide conclusive evi-78A4-B1 by deficiency mapping (see Experimental Prodence that CG32434 corresponds to loner. 1998) under control of the UAS promoter. Expression of the mutant ARF6 in founder cells severely perturbed ity, we will refer to Arf51F as dARF6. To test if Loner functions as a GEF for dARF6, we carried out in vitro myoblast fusion throughout the internal layer of somatic mesoderm, although external muscle fibers were formed GDP release assays using GST fusion proteins containing dARF6 and GST fusion proteins containing the at their characteristic positions ( Figure 6B ). This phenotype is similar to, but less severe than that of loner wild-type Sec7 domain of Loner or a Sec7 domain with an E-to-K mutation that is known to abolish GEF activity mutant embryos. The weaker phenotype resulting from dARF6 T27N expression could be due to incomplete inhibi- (Shevell et al., 1994) . As shown in Figure 6A , the wildtype Sec7 domain, but not the GEF-dead Sec7 domain, tion of endogenous dARF6 by dARF6 T27N or, alternatively, the relatively late expression of the rP298-GAL4 line, catalyzed GDP/GTP exchange of dARF6. This activity was highly specific, since no significant GDP release which does not start until stage 12, when myoblast fusion has already initiated for many muscle fibers. Taken was detected using the highly related GTPase dARF1 (Arf79F) as the substrate ( Figure 6A ). These results demtogether, our results suggest that ARF6 is an essential downstream mediator of Loner activity during myoblast onstrate that Loner functions as a specific dARF6 GEF in vitro. fusion in the Drosophila embryo. turer's instructions. 0.4 ug of plasmid was used for each well in a 12-well plate. Two days after transfection, cells were shifted to a either loner allele, whereas Df(3L)ri-XT1 (77E2; 78A4) and Df(3L)Pccp2 (78B1-2; 78D) complemented both loner alleles, delimiting the differentiation medium (DMEM with 2% horse serum). Cells were subjected to immunocytochemistry five days after differentiation. loner locus to 78A4-B1. Both alleles result in identical phenotypes as homozygous embryos or transheterozygous embryos over deficiency Df(3L)ME107. Therefore, we infer that they both behave as Immunohistochemistry In situ hybridization of Drosophila embryos was performed using null alleles.
The Loner/ARF6 Module Is Required for the dARF6 Is Involved in Myoblast Fusion
The rP298-lacZ stock was generously provided by Akinao Nose, standard protocols (Tautz and Pfeifle, 1989). DIG-labeled probe was synthesized with the common coding region of the three isoforms the rP298-GAL4 driver by Devi Menon, the sns 40-49 /CyO by Renate Renkawitz-Pohl. Df(1)w 67k30 , a small deficiency deleting both duf and of loner. Rat polyclonal Loner antisera were generated against a carboxyrst, N 81k , and twi-GAL4 were obtained from the Bloomington stock center.
terminal peptide RIPGRERKASRTDENGRS (Bio-Synthesis) and used at 1:300 in combination with the TSA fluorescence system In overexpression studies using the rP298-GAL4 driver, males carrying rP298-GAL4 were crossed with females carrying various (NEN Life Sciences). Embryo-staining procedures were performed as described (Patel, 1994) , using the following additional antibodies: pUAST constructs. (Promega). Secondary antibodies used were: Cy3 goat anti-rabbit DNA sequences of loner alleles were determined by directly se-(1:300) (Jackson) and biotinylated antibodies made in goat (1:300) quencing PCR products amplified from genomic DNA obtained from (Vector Labs). homozygous mutant embryos selected by their lack of armadillo-S2 cells were fixed with 4% paraformaldehyde and stained with GFP expression, which was carried on the balancer chromosome.
the following primary antibodies: mouse anti-V5 (1:1000) (InWhen a mutation was uncovered, PCR and sequencing were revitrogen); rabbit anti-MYC (1:300) (Santa Cruz); rabbit anti-FLAG peated to confirm that the mutation was not due to PCR errors.
(1:500) (Sigma); and mouse anti-Delta (1:20) (Developmental Studies loner transgenes were prepared using standard subcloning proHybridoma Bank). Secondary fluorochrome-conjugated antibodies cedures. For rescue constructs with full-length loner cDNAs, EcoRI were used at 1:200 (Jackson). fragments including loner iso1, iso2, or iso3 from their respective 10T1/2 cell myogenic conversion assays were performed as de-EST clones were subcloned into transformation vectors, pUAST and scribed (Lu et al., 2000) . Mouse antiskeletal myosin (MY32) (1:400) S102 (containing a tubulin promoter), respectively. loner deletion (Sigma) was used to stain the differentiated skeletal muscle cells. and point-mutation constructs were prepared using standard PCR Fluorescent images were collected on a LSM410 Zeiss confocal procedures to introduce the necessary changes on their original microscope and were processed with Adobe Photoshop 7. EST clones (Stratagene) and subcloned into pUAST and S102, respectively.
